It has been widely predicted that climate warming will produce major shifts in water availability and potentially may threaten the sustainability of water supplies. Although headwater ecosystems, which provide surface water to agriculture, industry, and municipal uses, have been intensively studied since the middle of the 20th century, no analyses to date have systematically analyzed trends in water yield and timing from headwater ecosystems or evaluated their causes and consequences. The objective of this symposium was to examine (1) how ecological processes contribute to sustained water yield; (2) how climate change and both natural and anthropogenic disturbance have altered ecosystem water yield and water quality; and (3) how these ecological processes and effects on water supplies vary among major regions of North America. Each presentation examined the trends in climate and hydrology at long-term ecological research sites in a region of the United States and Canada, and drew interpretations about ecological processes responsible for these trends and their implications for ecosystem management and water policy. This symposium builds on two years of efforts to synthesize 20-60 year climate and hydrology records from long-term ecological research sites from the Long-Term Ecological Research Network, U.S. Forest Service Experimental Forests and Ranges, USGS Water, Energy, and Biogeochemical Budgets program, USGS National Water Information Service, and Canadian long-term study sites.
in the water yields. Comparing catchment behavior with respect to position on the Budyko Curve, they were able to show that following the onset of anthropogenic climate change, catchments showed changes in water yields. Whereas most catchments continue to have water yields that fall within the range of natural variation, a few show indications of passing a "tipping point" beyond which ecosystem processes fundamentally change, leading to increased water yields as the ET drops and Q increases.
In the Southwest United States, large cities and agriculture rely upon seasonal snowmelt from mountain headwaters to deal with the prolonged summer drought, and water sustainability discussions are dominated by considerations of water allocation among ecosystems, agriculture, and municipal water demands. Childers, Grimm, and Ruddell ("Sustaining water demands to urban ecosystems in the Southwest U.S.") described water issues in Phoenix, which derives 50% of its water from headwater ecosystems, 30% from interbasin water transfers from the Colorado River, and 20% from groundwater. The headwater ecosystems providing water to Phoenix are the most water-limited of the 35 study basins included in the Budkyo curve analysis, and stream flow did not change in response to climate warming since 1950. Paradoxically, in urban areas, although irrigation of vegetation increases water consumption, evaporative cooling from vegetation mitigates urban heat island effects. Hence, urban floodwater detention and storage in "oasis" landscapes and irrigation of vegetation represent promising climate adaptation strategies for Phoenix.
Irrigated agriculture in the central valley of California provides 45% of the fruits and vegetables produced in the United States; about 80% of the water for this irrigation comes from the Sierra Nevada range, via the Sacramento River, but central and southern California have the most variable precipitation in the continental United States. Cliff Dahm ("Providing a reliable water supply for California and restoring the Sacramento-San Joaquin Delta ecosystem: Can we achieve the co-equal goals?") described the history of water projects to sustain water supplies in central California, including tradeoffs among municipal, agricultural, and ecosystem uses. Future climate --longer, drier summers --is expected to further stress this system. A key trade-off is the provision of water to the Delta ecosystem, vs. the export of water for irrigation to the Central Valley. Recent proposals include replacing the current system, which extracts water from the Delta, with an $8-23 billion bypass tunnel or canal.
Western urban and agricultural systems typically derive all or a large portion of their water from forested mountain ranges; the Colorado Front Range, which provides water to Denver and Boulder, is a particularly tightly coupled example of this relationship. Bourgeron, Williams and Clow ("Climate variability and water supplies in Rocky Mountain ecosystems") describe interactions among climate, hydrology, and landscape disturbances (e.g., wildfire, mountain pine beetle outbreaks) in the gradient of ecosystems (alpine, subalpine, montane, foothills) in the Colorado Front Range. The observed earlier onset of spring snowmelt in these headwater ecosystems may stress the water supply infrastructure for Denver and Boulder. At the same time, widespread outbreaks of mountain pine beetle and associated mortality of overstory trees are attributed to climate warming, while exurban expansion in the northern Front Range of Colorado has increased the vulnerability of residential areas to wildfires, which are also a function of the climate signal, as dramatized by the fires of summer 2012. The interactions between climate variability, mountain pine beetle outbreaks, and fire regimes add to the complexity of managing water supply in these ecosystems.
Headwater ecosystems of the Northeast receive rainfall evenly distributed throughout the year, and most areas have seasonal snowpacks. Campbell, Sebestyen, Boose, Stewart, Wollheim, Booth, and Stanley ("Climate change, snowpacks, and biogeochemical cycling in northern temperate forest ecosystems") described the changes in climate, stream flow, and biogeochemistry in headwaters and their implications for downstream watersheds in the Northeast. Climate warming is associated with earlier snowmelt and speeded nitrate export; annual evapotranspiration from forested watersheds in New Hampshire also has declined. Climate change effects on water in large watersheds near Boston may be obscured by pavement, septic, irrigation, and withdrawal effects on stream flow .
Headwater ecosystems of the southeastern United States are predominantly forested, but snow is not an important component of the water budget. Ford, Laseter, Caldwell, Sun, and Vose ("Ecosystem capacity for sustaining long-term water supplies: extreme water years and water yield in southern Appalachian forests") examine how historical forest management experiments in headwater ecosystems can provide insight for strategies to mitigate adverse effects of climate on water sustainability, such as increased future extreme precipitation events. Differences among tree species in the responsiveness of transpiration to vapor pressure deficit produce differences in water yield between conifer-and deciduousdominated watersheds. Tree species conversion effects on water yield were scaled up to a large basin using a simulation model.
Headwater ecosystems of the Pacific Northwest are expected to experience warming of stream temperatures in response to climate warming. Arismendi, Argerich, and Jones ("Climate trends and water management for salmonids in Pacific Northwest ecosystems") described long-term trends in climate, stream flow, stream temperature, and stream nutrients in headwater ecosystems of the Pacific Northwest. Trends in stream temperature in the PNW since 1987 are not consistent with air temperature trends, and the time between maximum stream temperature and minimum flow has decreased. These changes in stream temperatures since 1987 may be attributable to increased vegetation cover, but other factors, including climate cycles, are also possible drivers.
The symposium made clear that there are no simple prescriptions for how ecosystems should be managed to sustain water yield. Water yield from headwater ecosystems is responding in multiple varied ways to widespread climate warming. Although not explicitly part of the symposium plans, many talks addressed water sustainability issues in large basins, especially issues of water allocation among competing uses. These conflicts are especially stark in water-limited ecosystems of the western United States, but drought and associated conflicts over water also may be increasing in eastern United States ecosystems. Each talk utilized long-term analyses of primary climate and stream flow data examined using a common analysis approach, but work remains to be done to interpret causes and consequences of trends in water supply from headwater ecosystems. Management of headwater ecosystems for water supply was not discussed in very many talks, given the general nature of the topic of ecosystems, climate change, and water, and the broad regional scope and policy relevance of the talks. Authors in this symposium are collaborating in coordinated analyses of long-term climate and stream flow records. Research proposals and publications are in preparation addressing (1) seasonal changes in stream flow from headwater ecosystems, (2) changes in extremes of air temperature, precipitation, and stream flow in headwater ecosystems, and (3) changes in stream flow in large basins downstream of long-term headwater ecosystem studies.
